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We know that architecture is a complex amalgamation of
science and art. There are functional requirements, cultural
expectations and general guidelines to follow, but within these
guidelines there are still limitless possibilities. Hence, designing
a house for someone can be very demanding. At the same time,
it is not feasible to design a house that will suit everyone. This
makes the design of houses an interesting and challenging
problem which can be approached with a computer algorithm.
The best that can be hoped for from an automated system is to
give a variety of houses which meet general requirements, andhope that one or more of them may serve as inspiration for a
client’s dream house [1].
One of the initial stages of the architectural design process
is concerned with the generation of planar floor plans, while
satisfying the given topological and dimensional constraints.
A floor plan needs to be functional in a way that it must shape
the flow of traffic through the house and it has measurable
traits of quality, such as efficiency in being able to get impor-
tant rooms quickly or being able to light key rooms with nat-
ural light from large windows. Therefore, the topological
constraints are generally given in terms of adjacencies between
the rooms. The size of the rooms factors into the overall shape,
and functionality of the house. Hence, the dimensional con-
straints involve shapes or sizes of each room. For more details
regarding definitions related to floor plans, refer to [2].
Geometrically, a floor plan is a polygon divided by straight
lines into component polygons called rooms. The edges form-
ing the perimeter of each room are called walls. Two rooms
of a floor plan are said to be adjacent if they share a common
wall or a section of wall.), http://
2 K. ShekhawatA graph G ¼ ðV;EÞ is a mathematical structure consisting
of two finite sets V and E. The elements of V are called vertices
and the elements of E are called edges. A simple graph has nei-
ther self-loops nor multi-edges. Two vertices u and v are called
adjacent if there exists an edge between them. The readers who
are not familiar with the graph theory related definitions are
referred to Gross and Yellen [3], Chapter 1.
Levin [4] was first to apply graph theory to architectural
designs. Cousin [5] and Friedman [6], followed Levin’s lead,
by looking further at graph-theoretic ideas. In the same direc-
tion, many researchers have used graph theoretical approach
for the design of floor plans and proposed relevant mathemat-
ical results (refer [7–10]).
Let Rðx; yÞ denotes a rectangle with width x (dimension
measured horizontally) and length y (dimension measured ver-
tically). In 1903, Dehn [11] proved his famous result which
states that Rðx; yÞ can be tiled by (finitely many) squares if
and only if y=x is a rational number. In the literature, there exist
many other mathematical results related to the architectural
designs, in particular to the topological constraints set by the
architects. One of the main purposes of these results is to
establish the feasibility of the topological constraints (for
detailed discussion see Rinsma [2]). In this paper, we also pre-
sent some mathematical results which are graph theoretical
and correspond to the topological properties of the rectilinear
floor plans. Further, we will explain the usefulness of these
results for the better understanding of the proposed solutions
and for reducing the number of obtained solutions.
1.1. Rectilinear floor plans
In [12], an algorithm is presented for the construction of recti-
linear floor plans while satisfying the given topological and
dimensional constraints. Here, the topological constraints are
provided in terms of weighted adjacency matrix1 that consists
of numbers from 0 to 10 corresponding to each pair of rooms
(e.g., see Table 1). These numbers represent the probability of
two rooms being adjacent, i.e., number 10 corresponds to the
maximum probability for the rooms to be adjacent whereas
number 0 stands for the lowest probability. The width (dimen-
sion of the room measured horizontally) and length (dimen-
sion of the room measured vertically) of the rooms represent
the dimensional constraints.
The algorithm is demonstrated for the rectilinear plus-
shape floor plans (see Fig. 1). Therefore, in this paper, we con-
sider the plus-shape floor plans to illustrate few exciting topo-
logical properties of the rectilinear floor plans. Architecturally,
the plus shape floor plan is very interesting and different from
other floor plans because of its following geometrical and
topological properties as follows:1 Kalay [13] (Chapter 13, Fig. 13.7) mentioned the concept of
weighted matrix for the problem of space allocation. In this matrix, the
weights give the relative importance of the proximity between the
rooms which is computed on the basis of the number of trips among
the rooms that gives a relation between the activities they house. For
example, on the basis of number of trips, in a hospital, we prefer that
the room of a nurse should be close to the room of a patient in
comparison with the room of a surgeon. We consider the weighted
matrix as a weighted adjacency matrix and our aim is to maximize the
connectivity of the arrangement. The algorithm for forming groups on
the basis of this matrix is given in [12].
Please cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009i. it can be partitioned into 5 zones where 4 of the zones
can be completely independent from each other but
are well connected to the central zone (e.g., in Fig. 1,
consider upper and lower zones where R14 can be a
library and R9 can be a playing zone; both can function
simultaneously in a same building without disturbing
each other),
ii. it has an option to have most of its rooms directly adja-
cent to the exterior while keeping some of the rooms pri-
vate (e.g., most of the rooms belonging to the central
zone can be used for privacy),
iii. its symmetrical nature makes it visually pleasing.
This work is concerned with the automated design of large
buildings with complex and specialized programs such as hos-
pitals where the number of rooms is generally large. To auto-
mate the process, we partition the given rectilinear shape into
maximum number of rectangular zones so that each zone
would not be overcrowded. Therefore, the rectilinear plus-
shape polygon, as shown in Fig. 2A, is partitioned into 5 rect-
angles (see Fig. 2B) instead of 3 rectangles (see Fig. 2C). This
implies that the plus-shape floor plan in Fig. 1 can be con-
structed by adjoining 5 rectangular floor plans.
A rectangular floor plan denoted by FR is a floor plan in
which the plan boundary and each room are rectangles. It
can be generated in the following two ways:
i. Addition: It concerns the addition of rectangular pieces,
such as tiles, to produce a rectangular plan (see Krishna-
murti and Roe [14]).
ii. Dissection: It concerns the division of a large rectangle
into smaller rectangular pieces. This process is called
rectangular dissection (see Mitchell et al. [15], Earl [16],
Flemming [17–19], Bloch and Krishnamurti [20], Bloch
[21]).
The adjacency graph of a floor plan is a simple undirected
graph, obtained by representing each of its room as a vertex
and then drawing an edge between any two vertices if the cor-
responding rooms are adjacent.
The connectivity of two different floor plans made up of
same rooms is measured by comparing the connectivity of their
adjacency graphs, which can be computed in terms of the num-
ber of edges, diameter, average distance, number of cycles, etc.
(for further details about these measures, see [22], Chapter 2).
In this work, the number of edges of the adjacency graph is
regarded as a measure of connectivity because it directly corre-
sponds to the topological constraints that need to be satisfied
for designing of a floor plan.
If two adjacency graphs have same number of vertices then
the one having more edges is more connected. For a better
understanding, consider the floor plans and their adjacency
graphs in Fig. 3. We can see that both the floor plans are made
up of same rooms but the numbers of edges in their adjacency
graphs are 15 and 11 respectively. Hence, the floor plan in
Fig. 3A is more connected than the one in Fig. 3B. For the
detailed discussion about adjacency and connectivity, we refer
to [12,23].
In most of the work, we found that the topological con-
straints are given in terms of the adjacency requirement graph,
which is generally a spanning subgraph of the adjacency graphd with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Table 1 A weighted adjacency matrix of order 16.
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16
R1 0 8 6 6 8 6 9 6 4 5 3 2 2 2 8 6
R2 8 0 6 6 8 6 9 6 4 5 3 2 2 2 8 6
R3 6 6 0 8 6 8 6 9 4 4 3 6 6 4 4 6
R4 6 6 8 0 6 8 6 9 4 4 3 4 4 4 4 6
R5 8 8 6 6 0 6 9 10 2 2 2 2 2 2 4 2
R6 6 6 8 8 6 0 10 9 6 2 2 2 2 2 4 2
R7 9 9 6 6 9 10 0 6 2 2 2 2 2 2 4 2
R8 6 6 9 9 10 9 6 0 6 6 4 4 4 4 4 6
R9 4 4 4 4 2 6 2 6 0 8 6 6 6 6 6 9
R10 5 5 4 4 2 2 2 6 8 0 10 4 4 4 6 4
R11 3 3 3 3 2 2 2 4 6 10 0 2 2 2 4 4
R12 2 2 6 4 2 2 2 4 6 4 2 0 8 10 2 9
R13 2 2 6 4 2 2 2 4 6 4 2 8 0 10 2 9
R14 2 2 4 4 2 2 2 4 6 4 2 10 10 0 2 4
R15 8 8 4 4 4 4 4 4 6 6 4 2 2 2 0 6
R16 6 6 6 6 2 2 2 6 9 4 4 9 9 4 6 0
Fig. 1 A computer-generated FPSð16Þ.
Fig. 2 A rectilinear plus-shape polygon and its partition into 5
rectangles.
Fig. 3 Comparing the connectivity of two floor plans.
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dx.doi.org/10.1016/j.asej.2015.09.009of the final plan. It implies that, if the adjacency requirement
graph has a edges and the final adjacency graph has b edges
then a 6 b. But the adjacency graph of final FR can have at
most m ¼ 3n 7 edges where n > 3 is the number of rooms
(for the proof, we cite [24], Theorem 2). Therefore, we are
looking for only those FR which are best connected (i.e., their
adjacency graph must have m ¼ 3n 7 edges) and can be
generated automatically.
The automated generation of a best connected FR, say FRBC,
is about providing an algorithm which gives a FRBC for all val-
ues of n. Clearly, it is different and difficult from finding a FRBC.
For example, consider Fig. 4 which is best connected for 4
rooms but it cannot be extended to remain best connectedd with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Fig. 4 A best connected rectangular floor plan for 4 rooms.
Fig. 6 5 FRS that are adjoined to construct the F
P
Sð16Þ in Fig. 1.
4 K. Shekhawatfor 5 rooms because to remain best connected the 5th room
should be adjacent to 3 existing rooms, which is not possible
for Fig. 4 (consider adding a room so that the plans remain
rectangular). It means that Fig. 4 is a FRBC but it is not an auto-
mated FRBC, meaning that it was not generated by an algorithm
that can generate FRBC for any n. The architectural implication
of this is that if an architect is generating a floor plan to satisfy
given adjacency requirements and he/she is not following an
algorithm that can generate best connected floor plans for
any n, he/she might find himself in a dead-end situation, hav-
ing to backtrack. This problem is particularly acute in the
design of buildings with a large number of rooms and signifi-
cant adjacency requirements.
From [23], we know that the FR constructed using spiral-
based algorithm are best connected and are denoted by FRS .
They are generated by adding rooms because the process of
addition of rooms is more feasible than the dissection method
for automating the generation of floor plans (on contrary, it
always leads to the generation of extra spaces). Therefore,
for the automation of the design process, we construct a
plus-shape floor plan by adjoining 5 different FRS . This floor
plan is called spiral-based plus-shape floor plan and repre-
sented by FPSðmÞ where m is the number of rooms.
In [23] (Fig. 9), it has been illustrated that a FRS is congruent
to 7 other FRS and one can be derived from the other by fourFig. 5 8 dif
Please cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009types of mappings i.e. translations, reflections, rotations, and
glide reflections (the last being a combination of a translation
and a reflection). For the better understanding, we refer to
Fig. 5 with eight congruent FRS . These F
R
S are called spiral1, spi-
ral2, spiral3, spiral4, spiral5, spiral6, spiral7, and spiral8 FRS
respectively.
As an example, the FPSð16Þ in Fig. 1 is constructed by con-
sidering spiral4, spiral7, spiral5, spiral1 and spiral3 FRS (see
Fig. 6) for the central, left, upper, right and lower positions
respectively (these positions are illustrated in Fig. 2B).ferent FRS .
d with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Fig. 7 A computer-generated FPSð16Þ.
Mathematical propositions with connectivity 5From above discussion we can conclude that a FPS is con-
structed by the following steps given below:
i. Partitioning the given rooms into 5 groups. These
groups are formed on the basis of weighted adjacency
matrix so that the adjacency relations among the rooms
can be well established and satisfied.
ii. Constructing a F RS for each group.
iii. Adjoining the obtained F RS .
iv. Introducing the required extra spaces.2
For the FPSð16Þ in Fig. 1, the rooms (derived from the
weighted adjacency matrix illustrated in Table 1) and position
of each group are as follows:
i. Central group: R1; R2; R7; R6; R15.
ii. Left group: R3; R4; R5; R8.
iii. Upper group: R9; R16.
iv. Right group: R10; R11.
v. Lower group: R12; R13; R14.
As discussed above, five FRS are used to generate a F
P
S but
each FRS can be drawn using one of the eight spirals. Therefore,
for a given set of data, the number of different FPS that can be
obtained by changing the spiral for each FRS and by swapping2 If it is required to construct a larger rectangle by arranging
rectangular pieces of different sizes without changing the width and
length of rectangular pieces, undoubtedly there would be some extra
spaces inside the produced rectangle. Therefore, we can see the
presence of extra spaces as white rectangles inside the F RS (see Fig. 6).
We call them by inner extra spaces.If 5 different size F RS are adjoined to
generate a F PS , again there would be some extra spaces, which we call
by outer extra spaces, as shown in Fig. 1.
Please cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009the positions of five FRS are 8
5  5! ¼ 32; 768 120 ¼
3; 932; 160  4 million.
For example, in Fig. 7, a FPS is generated from spiral8, spi-
ral2, spiral3, spiral1, spiral5 FRS for the central, left, upper,
right and lower positions respectively (while considering the
position of each FRS as in Fig. 1) but in Fig. 8, a F
P
S is obtained
by changing the positions of each FRS .
From above discussion we can say that, for an architect it is
very difficult to pick one solution out of so many possibilities.
Therefore, in this work, we present a method for the refine-
ment of the possible solutions that can be architecturally
acceptable. To do so, we develop a mathematical procedure
for computing the maximum number of edges in an automated
generated rectilinear floor plan.
2. The degree of connectivity
The degree of connectivity of a floor plan is given in terms of
adjacency relations among the rooms and it is equal to the
number of edges in its adjacency graph.
Let the adjacency graph of a FPS is represented by G
P
S . In this
section, all the possibilities for the number of edges a GPS can
have are discussed, which would be further used in Section 3
to reduce the number of solutions.
The core result of this section is given by Corollary 1 which
states that a GPSðmÞ can have at most 3m 19 edges. To prove
this result, we present some auxiliary results which are also
interesting for their own sake and provide some new
covariants.3
Adjacency among the rooms via outer extra spaces has been
already defined in [12], Section 4.2. Now we will discuss adja-
cency among the rooms via inner extra spaces that would be
required to construct a GPS .
2.1. Adjacency via inner extra spaces
A virtual part of a room is an extra space that shares a com-
plete wall with the room. For example, in Fig. 9A, extra space
t1 is a virtual part of room R1 but it is not a virtual part of
room R2.
If the virtual part of a room is merged into that room then
we say that the virtual part has been made a real part of the
room. We can see in Fig. 9B that t1 has been merged into R1.
When there is no extra space between two rooms, then they
are adjacent if they share a wall or a section of a wall. If there
are extra spaces between two rooms, then to define adjacency
between them, we consider the following two cases:
i. If an extra space is a virtual part of any drawn space,
then to obtain adjacency among the rooms, consider it
as a real part of the corresponding space. For example,
in Fig. 9A, room R1 is directly adjacent to room R2 but
not to room R3, because of the presence of extra space t1
between R1 and R3. But t1 is a virtual part of R1, there-
fore by considering it as a real part of R1 (as shown in
Fig. 9B), we can easily conclude that R1 is adjacent to R3.3 To compare two architectural designs or to characterize them,
some numbers are needed. These numbers are said to be covariants (for
details, see [25]).
d with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Fig. 8 A computer-generated FPSð16Þ.
Fig. 9 Understanding the concept of real and virtual parts and
the concept of adjacency when there is an extra space between two
rooms.
Fig. 10 Understanding the concept of real and virtual parts and
the concept of adjacency when there is an extra space between two
rooms.
Fig. 11 GPSð16Þ corresponding to the FPSð16Þ demonstrated in
Fig. 1.
Fig. 12 The adjacent sides and adjacent numbers associated with
a rectangular floor plan.
6 K. Shekhawatii. If an extra space is not a virtual part of any drawn space,
then it would be a virtual part of more than one space.
Let’s say, it is a virtual part of k > 1 spaces. To proceed,
divide the extra space into k parts in such a way that
these k parts will be the virtual parts of the k spaces.
Consider all virtual parts real and compute adjacency
among the rooms. For example, refer to Fig. 10A where
extra space t2 does not share a wall with any of the exist-
ing spaces. If we divide t2 into two parts, say t02 and t
00
2,
then t02 and t
00
2 would be a virtual part of R2 and t1 respec-
tively (see Fig. 10B). After considering virtual parts real,
it can be easily seen that, R1 and R2 are adjacent to R4.
Using the adjacency definitions, the GPSð16Þ (corresponding
to FPSð16Þ in Fig. 1) is illustrated in Fig. 11, whose degree of
connectivity is 25.
2.2. Adjacent numbers
In this section, we present a result given by Lemma 1, which
will be used further to prove some important results of this
paper.
Each side of a rectangular floor plan is called an adjacent
side. For example, the rectangular floor plan in Fig. 12 hasPlease cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009four adjacent sides, that are illustrated in bold. We call them
left, upper, right and lower adjacent sides.
Also, each adjacent side is made up of different number of
walls of the rooms (if virtual parts are made real). These num-
bers are called adjacent numbers. The adjacent numbers, asso-
ciated with left, upper, right and lower adjacent sides are
denoted by k1; k2, k3 and k4 respectively. The concept ofd with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Mathematical propositions with connectivity 7adjacent numbers has been demonstrated in Fig. 12. For
details, we refer to [24], Section 4.1.
Lemma 1. For a FRS ðnÞ when n > 3; fk1; k2; k3; k4g is a cyclic
permutation of f3; 2; 2; 1g.
Proof. In each FRS of Fig. 5, the adjacent numbers for the adja-
cent sides are given by the set f3; 2; 2; 1g. If a new room is
added to any adjacent side of the FRS (e.g. to the side having
adjacent number 3), the following transformations occur in
the set f3; 2; 2; 1g:
i. 3 becomes 1 because a new room has been added to this
side,
ii. 2 becomes 3 because this side is adjacent to the side to
which the new room is added,
iii. the next 2 remains unchanged because this side is oppo-
site to the side to which the new room is added,
iv. 1 becomes 2 because this side is adjacent to the side to
which the new room is added.
Hence, after adding a new room, the same set is established,
i.e., f3; 2; 2; 1g. h2.3. The number of edges
In this section, we compute the number of edges of a GPS and
the related properties.
Lemma 2. In a FPS, at most 3 rooms of central F
R
S can be
adjacent to at most 3 rooms of any other FRS .
Proof. From the definition of adjacency among the rooms, we
can see that, in a FPS , the rooms of left, upper, right and lower
FRS can only be adjacent to rooms of central F
R
S and vice versa.
From Lemma 1, for a FRS we have fk1; k2; k3; k4g ¼ f3; 2; 2; 1g,
i.e. the maximum value of an adjacent number is 3. This
implies that at most 3 rooms of the central FRS can be adjacent
to at most 3 rooms of any other FRS . h
Consider that the virtual parts of rooms are made real. Let
a1; a2; a3 are the width (resp. the length) of adjacent sides of
the rooms of the upper and lower FRS (resp. the left and right
FRS ), and b1; b2; b3 are the width (resp. the length) of adjacent
sides of the rooms of the central FRS , as depicted in Fig. 13. The
sizes of a1; a2; a3; b1; b2 and b3 are usually different.
Let E2S be the number of edges connecting the rooms of the
central FRS to those of another F
R
S of a F
P
S .Fig. 13 The width or length of adjacent sides of the rooms of FRS .
Please cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009Note: For the upcoming lemma, ai adjacent to bj implies
that the corresponding group rooms are adjacent; for compu-
tation the inner extra spaces are made real.
Lemma 3. E2S 6 ð2þ jÞ where 0 < j < 4 is the number of rooms
of the central FRS that are adjacent to the rooms of any other F
R
S
of a FPS.
Proof. From Lemma 2, we can see that there are 3 possibilities
for which the value of E2S need to be computed.
i. When 3 rooms of the central F RS can be adjacent to 3
rooms of another F RSd with t If b1 is adjacent to fa1; a2; a3g then fb2; b3g can only
be adjacent to a3 (see Fig. 14A). This implies that
E2S ¼ 4 or 5.
 If b1 is adjacent to fa1; a2g then b2 can be adjacent to
fa2; a3g and b3 can be adjacent to a3 (see Fig. 14B).
Clearly, E2S 6 5.
 There exist other sub-cases also but they are congru-
ent (in terms of adjacency relations between the ro-
oms) to any one of the sub-cases considered above.
Therefore, we are not mentioning them here.Hence, we have E2S 6 ðiþ j 1Þ ¼ 5.
ii. When only 2 rooms of the central F RS can be adjacent to
3 rooms of another F RS
 If b1 is adjacent to fa1; a2; a3g then b2 can only be
adjacent to a3 i.e. E2S 6 4 (see Fig. 14C).
 If b1 is adjacent to fa1; a2g then b2 can only be adja-
cent to fa2; a3g (see Fig. 14D). Clearly, E2S 6 4.
Hence, we have E2S 6 ðiþ j 1Þ ¼ 4.
iii. By the same argument as given above, when only one
room of the central F RS can be adjacent to 3 rooms of
another F RS , we have E
2
S 6 ðiþ j 1Þ ¼ 3 (see
Fig. 14E). h
We denote the number of edges in a GPSðmÞ by EPSðmÞ and
ERS is the number of edges in the adjacency graph of corre-
sponding FRS . Let p1ðmÞ be the number of edges in a FPSðmÞ if
adjacency is restricted to the rooms of each FRS and p2ðmÞ is
for the edges which come uniquely from adjacency among
the rooms of different FRS of a F
P
SðmÞ.
Lemma 4. p1ðmÞ ¼ 3m 35 provided that each FRS has at least
four rooms.Fig. 14 Computing the value of E2S.
he connectivity of architectural designs, Ain Shams Eng J (2015), http://
8 K. ShekhawatProof. A FPSðmÞ is constructed by combining five FRS . From
[23], we know that, for each ni > 3 we have E
R
S ðniÞ ¼ 3ni  7,
where i ¼ 1; . . . ; 5 and ni is the number of rooms in ith FRS .
Therefore, if adjacency is restricted to the rooms of FRS , we
have p1ðmÞ ¼
P5
i¼1ð3ni  7Þ ¼ 3m 35. h
Lemma 5. p2ðmÞ 6 16.
Proof. From Lemma 2, at most 3 rooms of the central FRS can
be adjacent to at most 3 rooms of another FRS and from Lemma
1, we can say that the set f3; 2; 2; 1g gives the adjacent numbers
corresponding to the central FRS . It implies that, 3 rooms of any
of the four FRS (other than central one) can be adjacent to at
most 3 (or 2 or 2 or 1) rooms of central FRS . From Lemma 3,
we have E2S 6 5 (or 4 or 4 or 3) respectively. Hence,
p2ðmÞ 6 5þ 4þ 4þ 3 i.e. p2ðmÞ 6 16. h
Corollary 1. EPSðmÞ ¼ p1ðmÞ þ p2ðmÞ 6 3m 19 if each FRS has
at least 4 rooms.
Proof. The proof follows from Lemmas 4 and 5. h
Remark 1. EPSðmÞ is a covariant with respect to changes in the
position and spiral of the FRS .
In context of Corollary 1, some more results are given
below.
Lemma 6. In a FPSðmÞ,
i. If any one of the four F RS (other than central F
R
S) has 2 or
3 rooms, then p2ðmÞ 6 15.
ii. If any one of the four F RS (other than central F
R
S) has only
one room, then p2ðmÞ 6 14.
iii. If central F RS has 3 or 2 or 1 rooms, then p2ðmÞ  15 or
6 14 or 6 12.
iv. For p1ðnÞ if any ni ¼ 3or ni ¼ 2 or ni ¼ 1, then the value
ð3ni  7Þ would be ð3ni  6Þ or ð3ni  5Þ or ð3ni  3Þ
respectively where ni is the number of rooms of ith F RS .
Proof.
i. If a F RS has 2 or 3 rooms, then the set f3; 2; 2; 1g for adja-
cent numbers would be f2; 2; 1; 1g, i.e., at most 2 rooms
of a F RS can be adjacent to at most 3 rooms of the central
F RS . Therefore, from the proof of Lemma 2, point 2, we
have E2S 6 4. By considering the argument used in the
proof of Lemma 5, we conclude that p2ðmÞ 6 15.
ii. If a F RS has only 1 room, then the set f3; 2; 2; 1g for adja-
cent numbers will become f1; 1; 1; 1g, i.e., only one room
of a F RS can be adjacent to at most 3 rooms of the central
F RS . Therefore, from the proof of Lemma 2, point 3, we
have E2S 6 3. By considering the argument used in the
proof of Lemma 5, we conclude that p2ðmÞ 6 14.
iii. This result can be proved using the same reasoning as
given above in the proof of the first two points.Please cite this article in press as: Shekhawat K, Mathematical propositions associate
dx.doi.org/10.1016/j.asej.2015.09.009iv. The proof follows from the fact that for ni ¼ 3; ni ¼ 2
and ni ¼ 1, we have ERS ð3Þ ¼ 3ð¼ 3ni  6Þ;ERS ð2Þ ¼
1ð¼ 3ni  5Þ and ERS ð1Þ ¼ 0ð¼ 3ni  3Þ respectively. h3. Reducing the number of solutions
We have seen that a total number of 5!  85 different FPS can be
generated for a given set of data. As discussed earlier, it is not
possible to examine every FPS . In this section, we provide a
method to reduce this large number(5!  85) to a smaller
one, on the basis of some covariants (here degree of
connectivity).
Let Di be the degree of connectivity of a G
P
S . Clearly, there
can exist at most 5!  85 values of degree of connectivity for
5!  85 GPS .
Theorem 1. Di has at most 13 different values where
i ¼ 1; 2; . . . ; ð5!  85Þ, when adjacency is considered among the
rooms of different FRS .
Proof. From Lemma 5, we know that p2ðmÞ 6 16. If each FRS
has only one room then the corresponding GPS will have only
4 edges. It means that for any GPS , the minimum and maximum
values for the degree of connectivity are 4 and 16 when adja-
cency is considered among the rooms of different FRS i.e.
4 6 p2ðmÞ 6 16. Now to prove the result, we need to show that
p2ðmÞ can have all the values between 4 and 16.
Suppose the number of rooms for the central, left, upper,
right and lower FRS is written as 5-tuple ðk1; k2; k3; k4; k5Þ. To
verify the existence of each possibility for the number of the
edges, we produce an example for each case. Consider the
following cases:
i. If the number of rooms is ð1; 1; 1; 1; 1Þ, then p2ðmÞ ¼ 4.
ii. If the number of rooms is ð1; 2; 1; 1; 1Þ, then p2ðmÞ 6 5.If
a room of the upper, right and lower F RS and 2 rooms of
the left F RS are adjacent to a room of the central F
R
S , then
p2ðmÞ ¼ 5.
iii. If the number of rooms is ð1; 2; 2; 1; 1Þ; ð1; 2; 2; 2; 1Þ or
ð1; 2; 2; 2; 2Þ, then using the reasoning given above, we
can find an example where p2ðmÞ ¼ 6, 7 or 8 respec-
tively.If the number of rooms in a F RS is greater than 3,
then the adjacent number corresponding to one of its
adjacent side would be 3. This implies that, 3 rooms of
the F RS can be adjacent to other rooms of another F
R
S
when it has more than 3 rooms. In all the following
cases, the number of rooms in a F RS is k which implies
that the number of rooms is greater than 3.
iv. If the number of rooms is ð1; k; 2; 2; 2Þ; ð1; k; k; 2; 2Þ or
ð1; k; k; k; 2Þ then using the reasoning given above, we
can find an example where p2ðmÞ ¼ 9, 10 or 11
respectively.
v. If the number of rooms is ðk; 2; 2; 2; 2Þ, then p2ðmÞ 6 12.
From the first point of Lemma 6, in this case p2ðmÞ can
be at most 16 4 ¼ 12. Hence, we can produce an
example where p2ðmÞ ¼ 12.d with the connectivity of architectural designs, Ain Shams Eng J (2015), http://
Mathematical propositions with connectivity 9vi. If the number of rooms is ðk; k; 2; 2; 2Þ; ðk; k; k; 2; 2Þ;
ðk; k; k; k; 2Þ or ðk; k; k; k; kÞ, then using the reasoning
given above, we can find an example where p2ðmÞ ¼
13, 14, 15 or 16 respectively.
All 6 cases given above conclude the proof. h4. Discussion
In this paper, we have presented many mathematical results
related to the topological properties of the rectilinear floor
plans (in particular plus-shape floor plans) where some of
the results are used to refine the number of possible solutions
and some of them provide interesting covariants related to the
floor plan which can be further used for comparing different
floor plans (Corollary 1, Lemmas 5 and 6).
We know that connectivity is one of the most important
requirements in a house design, i.e., every room must be acces-
sible, via some route and one should be able to get to all of the
rooms in the house without traveling through too many other
rooms. For example, the distance required to get to a bath-
room from any social room would be an important one to min-
imize in general. Similarly, we prefer to have dining room very
close to the kitchen (if not adjacent). In this sense, various path
lengths throughout the layout will play an important role in
the quality of the house. Mathematically, one of the ways to
minimize the various path lengths is to have a connected floor
plan with maximum number of edges in its adjacency graph.
One of the main contributions of this paper is to compute
the maximum number of edges an automatically generated
plus-shape floor plan can have. From Corollary 1, we know
that EPSðmÞ 6 3m 19. Therefore, to minimize the various
path lengths, architect can pick a best connected solution
among 5!  85 solutions i.e. the solution with 3m 19 edges.
Another important contribution is to illustrate that a very
big number(associated with the number of solutions) can be
reduced to a very small number on the basis of a covariant.
For example, we can see from Theorem 1 that the number
5!  85 has been reduced to 13 on the basis of covariant adja-
cency among the rooms of different FRS . It means that, out of
5!  85 solutions, if architect decides to pick the solution on
the basis of degree of connectivity, then the number 5!  85
would be narrowed down to 13 and it would be easy to make
a choice among 13 possibilities.
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